INTRODUCTION
Neural stem cells have the capacity to self-renew, proliferate, and give rise to lineage-restricted neuronal and/or glial progenitor cells and postmitotic specialized daughter cells. Neural progenitor cells located in the subgranular zone (SGZ) of the dentate gyrus (DG) give rise to immature neurons. These then migrate to the granule cell layer, where they differentiate into granule neurons that project to the CA3 region. Here they become electrically active, and eventually become functionally integrated into preexisting hippocampal circuits (Lie et al., 2004; Picard-Riera et al., 2004; Raineteau et al., 2004) . Adult hippocampal neurogenesis has been implicated in the regulation of cognition (Rola et al., 2004; Schaffer & Gage, 2004) and the cellular repair of neurons in the central nervous system (Lie et al., 2004; Picard-Riera et al., 2004; Ziabreva et al., 2006) . Recent studies have suggested that endogenous neurodegenerative mechanisms are activated in the adult human brain in response to various neuronal injuries (Ziabreva et al., 2006) . The stimulation of both the proliferation and differentiation of endogenous neural progenitor cells and the transplantation of exogenous neural progenitor cells into the brain are potential therapeutic strategies in neurodegenerative disorders, such as Alzheimer's disease (AD) (Mazur-Kolecka et al., 2006) . Amyloid beta (Aβ) peptide promotes synaptic dysfunction and neuronal cell death, leading to memory impairment (Mattson, 2000; Haughey et al., 2002) Induction of neurogenesis can occur in the hippocampus in response to various pathological conditions, such as Alzheimer's disease. The aim of this study was to investigate the changes that occur in endogenous neural stem cells in response to amyloid beta (Aβ) 25-35 -induced neuronal cell damage in organotypic hippocampal slice cultures. Cresyl violet staining and Fluoro-Jade B staining were used to detect neuronal cell damage and changes of mossy fiber terminals were observed by Timm's staining. The immunofl uorescence staining was used to detect the newly generated cells in the subgranular zone (SGZ) of the dentate gyrus with specific marker, 5-bromo-2′-deoxyuridine (BrdU), Nestin, and doublecortin (DCX) . In compared to control slices, neuronal cell damage was observed and the mossy fi bers were expanded to CA3 area by treatment with Aβ 25-35 . Ki-67/Nestin-and BrdU/DCX-positive cells were detected in the SGZ. In conclusion, these results demonstrate that Aβ-induced neuronal damage results in an increase in endogenous neural stem cells in rat hippocampal slice cultures not only for gliosis but also for neurogenesis.
mechanisms underlying AD. Studies using cellular and mice models of AD have suggested that Aβ may play a role in the regulation of adult neurogenesis (Haydar et al., 1999; Haughey et al., 2002; Lie et al., 2004; Raineteau et al., 2004; Namba et al., 2007; Zhang et al., 2007; Wang et al., 2008) . Furthermore, it has been reported that the oligomeric peptide, Aβ 42 , increases the proliferation and neuronal differentiation of neural stem cells, leading to neurogenesis (Heo et al., 2007) . Although it is still controversial that hippocampal neurogenesis is induced in mouse models of AD (Wang et al., 2007; Zhang et al., 2007; Rodriguez et al., 2009) , several studies have reported that it is critically increased in AD patients (Ziabreva et al., 2006; Heo et al., 2007) and in AD models employing young animals (Lopez-Toledano & Shelanski, 2007; Chuang, 2010) . Organotypic hippocampal slice cultures are widely used to study cellular and molecular mechanisms underlying neurogenesis and neuronal cell death in a variety of neurophysiological states (Haydar et al., 1999; Dehghani et al., 2003; Scheffl er et al., 2003; Raineteau et al., 2004; Chechneva et al., 2005; Sadgrove et al., 2006; Namba et al., 2007; Suh et al., 2008) . Their use is advantageous for studying the detection of region-specifi c changes, induction of stimulation, and the treatment effect of drugs. Aβ 25-35 is a shorter peptide than Aβ 1-42 , but it has similar endogenous effects and can induce neuronal cell death in a dose-dependent manner (LopezToledano & Shelanski, 2004; Suh et al., 2008) . Thus, the aim of this study was to investigate the changes that occur in endogenous neural stem cells in response to Aβ 25-35 -induced neuronal cell damage in rat organotypic hippocampal slice cultures.
MATERIALS AND METHODS

Preparation of Organotypic Hippocampal Slice Cultures and Treatment with Aβ 25-35
The organotypic hippocampal slice cultures were prepared from the hippocampus of 8-day-old Sprague Dawley rats, as described previously (Suh et al., 2008) . Briefly, they were dissected and cut into slices, 400 μm in thickness, using a McIlwain tissue chopper (The Mickle Laboratory Engineering Co., Ltd, Surrey, UK). The slices were carefully placed on porous membrane filters (0.4 μm, Millicell-CM; Millipore, Bedford, MA, USA), which were then inserted into 6-well tissue culture plates. Each well was incubated in 1.2 mL of culture medium for 3 weeks at 37 o C, with 95% O 2 and 5% CO 2 . Aβ 25-35 (Sigma, St. Louis, MO, USA) was applied to the culture medium of each well for 3 days, at a fi nal concentration of 1, 2.5, and 5 μM.
Cresyl Violet Staining
The cultured slices were immersed in 0.5% cresyl violet solution for 10 min, after which the slices were sequentially washed with 50% ethanol for 1 min, 70% ethanol for 5 min, 80% ethanol for 1 min, 90% ethanol for 1 min, and 100% ethanol for 1 min. The slices were then mounted onto slides, and the images were obtained using light microscopy (Zeiss Axiovert 200; Carl Zeiss Inc., Göttingen, Germany).
Fluoro-Jade B Staining
The cultured slices were mounted onto 1% gelatin-coated slides. The slides were sequentially incubated in 100% ethanol for 3 min; 70% ethanol for 1 min; and distilled water for 1 min. The slides were then oxidized in 0.06% KMnO 4 solution for 15 min, followed by 3 washes with double distilled water (ddH 2 O). The cultured slices were stained with a 0.004% solution of Fluoro-Jade B (Histo-Chem Inc., Jefferson, AR, USA) in 0.1% acetic acid for 30 min, after which they were washed with distilled water. The slides were mounted using DPX medium (Electron Microscopy Sciences, Ft. Washington, PA, USA) and detected at 534 nm, using fluorescence microscopy (Zeiss Axiovert 200; Carl Zeiss Inc.).
Timm's Staining
Prior to staining, the slices were immersed in a 1% sodium sulfide solution, fixed with 0.3% glutaraldehyde, and dehydrated with ethanol. For Timm's staining, silver sulfide was developed in a citrate-buffered solution in a dark room. The images were obtained using light microscopy (Zeiss Axiovert 200; Carl Zeiss Inc.).
5-Bromo-2′-deoxyuridine (BrdU) Labeling
Twenty-four hours prior to fixation, BrdU (20 μM) was added for 24 h to both control and Aβ 25-35 -treated groups. The cultured slices were washed in phosphate-buffered saline (PBS) in order to remove excess BrdU and fi xed in 4% paraformaldehyde (PFA). For BrdU-positive cell counting, images of the SGZ were obtained at 40× magnification. BrdU-positive cells were counted as the number of images per 200×200 μm. The NIH software program Image J, was used for morphometric measurements.
Immunofl uorescence Staining
The cultured slices were fi xed for 24 h with 4% PFA (Merck, Darmstadt, Germany), dissolved in 0.1 M phosphate buffer. The slices were then incubated for 1 h at room temperature in a blocking solution containing 0.2% Triton X-100 and 10% bovine serum albumin (BSA), dissolved in PBS. Slices were incubated for 24 h at 4 o C in the following primary antibodies: mouse anti-BrdU (1:500, monoclonal IgG 1 ; Chemicon International, Temecula, CA, USA); mouse anti-Nestin (1:1000, monoclonal IgG 1 ; Chemicon International); and mouse anti-DCX (1:500, monoclonal IgG 1 ; BD Bioscience, NJ, USA). After 3 washes with 3% BSA dissolved in PBS, anti-mouse or anti-rabbit secondary antibodies, conjugated to either fl uorescein anti-mouse IgG (Vectoc Laboratories Inc., Burlingame, CA, USA), Alexa 488 goat anti-rabbit IgG (Life Technologies, Grand Island, NY, USA), or Alexa 555 goat antirabbit IgG (Life Technologies), were applied to the slices. The slices were then mounted with Elvanol mounting medium (Waterborne, New Orleans, LA, USA), and the images were obtained using confocal microscopy (Zeiss LSM 510; Zeiss, Jena, Germany) ( Table 1) . 
RESULTS
Evaluation of Neuronal Cell Damage in Aβ 25-35 -treated Organotypic Hippocampal Slice Cultures
The hippocampal slice cultures were maintained in vitro for 21 days and neurotoxicity was induced by Aβ 25-35 (2.5 μM).
In order to detect neuronal cell damage in the hippocampal slice cultures exposed to Aβ 25-35 , cresyl violet staining and Fluoro-Jade B staining was performed. All pyramidal cell layers of the CA1, CA3, and DG regions were visualized with 0.5% cresyl violet staining, however, in comparison to control slices, neuronal damage was observed in the slices treated with Aβ 25-35 (2.5 μM) (Fig. 1A) . In addition, dead and degenerating neurons were detected by Fluoro-Jade B staining in Aβ 25-35 (2.5 μM)-treated slices compared with control slices (Fig. 1B) .
Changes in Mossy Fiber Terminals in Aβ 25-35 -treated Organotypic Hippocampal Slice Cultures
Timm's staining for synaptic Zn 2+ is especially intense in hippocampal mossy fibers (Huang, 1997) . Following Timm's staining, brownish-black spots develop on mossy fiber terminals because these terminals contain a high concentration of Zn 2+ vesicles. Brownish-black-stained spots in mossy fiber terminals of control slices were observed mainly in the stratum lucidum (SL), DG, and dentate hilus (Fig. 1C) . In the slices treated with Aβ 25-35 (2.5 μM), the localization of these spots was expanded to the molecular layer and to various CA3 areas, including the SL and the stratum pyramidale (Fig. 1C) .
Induction of Endogenous Neural Stem Cells in Aβ 25-35 -treated Organotypic Hippocampal Slice Cultures
To evaluate the induction of endogenous neural stem cells, we employed immunofluorescence staining for the SGZ of the DG. In control slices, Ki-67 and Nestin, markers for newly proliferating cells and neural precursor cells, were distributed in the DG of the hippocampus. Following treatment with Aβ 25-35 (2.5 μM), the expression of both Ki-67 and Nestin was increased and some co-localized cells were found in the SGZ of DG. Ki-67 positive cells were significantly increased in 2.5 μM (from 6.63±0.43 to16±1.93) Aβ 25-35 treatment (Fig.  2) . For the detection of proliferating cells, the hippocampal slices were incubated in BrdU for 24 h before fi xation. BrdUpositive cells were distributed in both control and Aβ 25-35 -treated hippocampal slices. In compared to the control, the BrdU positive cells were significantly increased in 2.5 μM (from 41±2.28 to 53.57±3.13). In order to detect neuronal precursor cells, immunofl uorescence staining was performed In control slices, Ki-67 and Nestin were distributed in the SGZ of DG. Th e expression of both Ki-67 and Nestin was increased and some co-localized cells were found by Aβ 25-35 -treatment. Th e arrows showed co-localized Ki-67 and Nestin. Data are expressed as mean±SEM. *p<0.05 compared to control (n=5). SGZ, subgranular zone; DG, dentate gyrus; SEM, standard error of mean. using a DCX antibody. After treatment with Aβ 25-35 (2.5 μM), DCX-expressing cells, with dendritic branching were detected by the presence of processes parallel to the granule cell layer (Fig. 3) .
DISCUSSION
In the present study, we demonstrated that Aβ 25-35 induces reactive neurogenesis in the DG and the CA3 area of organotypic hippocampal slice cultures. Neural stem cells, which can proliferate and differentiate, play a role in the repair of neuronal loss. Furthermore, they have the capacity to self-renew and differentiate into neurons and glia, and they can be cultured from the adult subventricular zone (SVZ) (Eriksson et al., 1998; Lie et al., 2004; PicardRiera et al., 2004) . Stimulation of both the proliferation and differentiation of endogenous neural progenitor cells and the transplantation of exogenous neural progenitor cells into the brain are potential therapeutic strategies in neurodegenerative disorders, such as AD (Mazur-Kolecka et al., 2006) . In this study, we observed that treatment with Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] increased the number of neural stem cells and upregulated the differentiation of neural progenitor cells. We have previously shown that Aβ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] induces neurotoxicity in the CA1, CA3 and DG of hippocampal slice cultures using PI staining (Suh et al., 2008) . In this study, we confirmed Aβ 25-35 -induced neuronal cell death and degeneration in the all pyramidal cell layer of hippocampus using cresyl violet staining and Fluoro-Jade B staining. It has been reported that mossy fibers, the axons of dentate granule cells, extend into the SL, a narrow region of the proximal apical dendrite of the CA3 pyramidal cells, where they form giant synapses that lead to the generation of new neuronal circuits (Tamura et al., 2006) . Zn 2+ , which binds Aβ with high affi nity, is released at synaptic terminals during neurotransmission (Bush et al., 1994) . Many studies have found alterations in Zn 2+ levels in the AD brain (Faller, 2009) , with most reporting an increase in its concentration (Religa et al., 2006) . This collective evidence indicates that the regulation of Zn 2+ is unbalanced in the AD brain and suggests a role for Zn 2+ in AD pathogenesis (Deshpande et al., 2009; Bjorklund et al., 2012) . Our study demonstrates that mossy fibers are abnormally distributed and extend outside of the CA3 area in Aβ 25-35 -treated slices. There is some evidence to suggest that the changes that occur in endogenous neural stem cells may vary with different models of AD. For example, it has been reported that the proliferation of endogenous neural stem cells is inhibited in the SVZ area of hippocampi in a rat AD model (Haughey et al., 2002) , while on the other hand, it has also been suggested that their capacity to repair is increased following exogenous application of Aβ 1-42 in a different model. In addition, BrdU labeled proliferating cells can be detected in dying neurons in CA1 (Kuan et al., 2004) . Although newly generated cells are commonly labeled with BrdU that is incorporated into their nuclei, it is not suffi cient to prove the cellular and physiological features of endogenous neural stem cells. Therefore, we studied the presence of endogenous neural stem cells in hippocampal slice cultures using immunofluorescence staining for Ki-67, Nestin, and DCX. After Aβ 25-35 treament, BrdU-and Ki-67-positive cells in DG area were significantly increased and double positive cells for Ki-67/Nestin were observed, suggesting induction of neural stem cells. In addition, the intensity of glial fi brillary acidic protein (GFAP) was increased (data not shown), suggesting Aβ 25-35 -induced gliosis. However, in this situation, we also found double positive cells for BrdU/DCX. This result is consistent with Perez-Gomez and Tasker (2012), reported that enhanced neurogenesis using BrdU/DCX after transient subfi eld-selective excitotoxic insult, and Bunk et al. (2010) reported NMDA-induced injury triggers neuroblast proliferation. This phenomenon may be a repair mechanism that is induced in response to Aβ 25-35 -induced neurotoxicity, and Aβ 25-35 could induce neural stem cells not only for gliosis but also for neurogenesis.
CONCLUSIONS
These results demonstrate that Aβ-induced neuronal damage results in an increase in endogenous neural stem cells in rat hippocampal slice cultures. These findings suggest that proliferation and differentiation of neural stem cells following exposure to Aβ 25-35 may be a neuroprotective response that leads to the repair of degenerating neurons.
